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INSULIN RESISTANCE, A STATE in which a given concentration of insulin is associated with a subnormal glucose response, is an increasingly prevalent health problem in the Western societies, affecting at least 54 million Americans (19) . Insulin resistance predicts the subsequent development of symptomatic heart failure, independently of other risk factors (13) . Whether the association of insulin resistance and heart failure can be attributed to the increased prevalence of coronary artery disease in insulin-resistant patients or whether insulin resistance itself contributes to heart failure is controversial (28) .
Insulin resistance frequently clusters with hemodynamic stresses, such as systemic hypertension. Systemic hypertension induces chronic left ventricular (LV) pressure overload and is a recognized contributor to heart failure, responsible for Ͼ30% of the cases of heart failure in African-Americans (1) . Adverse LV remodeling is characterized by a change of LV size and geometry, including LV hypertrophy, and progressive dilation. This process plays a crucial role in the cardiac decompensation resulting from chronic pressure overload (15, 26) . Whether insulin resistance augments adverse LV remodeling induced by chronic pressure overload, thereby leading to heart failure, is unknown.
The purpose of this study was to investigate the role of insulin resistance in the modulation of LV remodeling and function after pressure overload. In mice, chronic feeding using a high-fat diet (HFD) has been shown to produce diabetes and obesity, while a HFD for shorter periods (1-2 wk) results in insulin resistance and minimal weight gain (22, 27) . Mice were subjected to transverse aortic constriction (TAC) after they were fed a HFD or standard diet (SD) for 9 days. Mice fed a HFD developed systemic and myocardial insulin resistance and were predisposed to adverse LV remodeling, LV dysfunction, and decreased survival in a setting of chronic LV pressure overload.
METHODS
All animal procedures were conducted in C57BL6 male mice, in accordance with guidelines published in the Guide for the Care and Use of Laboratory Animals (National Research Council, National Academy Press, Washington, DC, 1996) , and were approved by the Massachusetts General Hospital Subcommittee on Research Animal Care. Diets were started at 7 wk of age. Mice were fed either a SD (10% fat, D12450B, Research Diets, New Brunswick, NJ) or HFD (60% fat from lard, D12492, Research Diets).
Metabolic blood measurements. Mice fed with SD or HFD for 9 days were either fasted for 16 h (n ϭ 8 in each group) or fed (12 SD-fed mice and 11 HFD-fed mice). Blood was drawn from the tail vein, and glucose level was measured by the glucose oxidase method (One Touch Ultra, Life Scan). Plasma insulin concentration was determined using an enzyme-linked immunosorbent assay (Crystal Chem, Chicago, IL). Blood glucose and insulin levels were also measured 5 days after TAC in seven nonfasted mice fed a SD and seven nonfasted mice fed a HFD.
In nonfasted mice fed a SD and nonfasted mice fed a HFD, blood was drawn from an arterial line, and plasma free fatty acids [HR Series NEFA-HR (2), Wako Pure Chemical Industries, Osaka, Japan; SD: n ϭ 5, HFD: n ϭ 4], leptin (Crystal Chem, Downers Grove, IL; SD: n ϭ 8, HFD: n ϭ 8), and adiponectin (B-Bridge International, Mountainview, CA; SD: n ϭ 9, HFD: n ϭ 10) concentrations were measured according to manufacturer's instructions.
Glucose and insulin tolerance tests. Seven mice fed a SD and eight mice fed a HFD were fasted for 6 h, and glucose (2 mg/g body wt) was injected intraperitoneally (4) . Blood glucose levels were serially measured at baseline and 15, 30, 60, and 120 min after injection. Twelve mice fed a SD and nine mice fed a HFD were fasted for 6 h, and 0.3 U/kg body wt of insulin was injected intraperitoneally. Blood glucose levels were serially measured at baseline and 15, 30, and 45 min after injection.
Micro-positron emission tomography. Cardiac micro-positron emission tomography (PET) was performed on five nonfasted mice before and after 9 days of HFD using a micro-PET P4 instrument (Concord Microsystems). Mice were anesthetized using isoflurane, and 18 F-fluorodeoxyglucose ( 18 F-FDG; 100 -150 Ci) was injected in the tail vein. Dynamic imaging acquisition started simultaneously with the tracer injection and lasted 45 min. Time-myocardial tracer activity curves were obtained by tracing a region of interest over the LV myocardium.
18 F-FDG uptake was measured 45 min after injection and expressed as percentage of the injected dose per milliliter of tissue.
Micro-PET was repeated in six mice before and after 9 days of HFD. In this group, after 2-h fasting, mice received insulin (0.75 U/kg, intraperitoneal injection). Immediately after insulin injection, 18 F-FDG was intravenously injected, and micro-PET images were acquired every minute. The duration of acquisition was 120 min, to allow for stabilization of FDG uptake after insulin injection. Myocardial 18 F-FDG uptake was averaged between 100 and 120 min after injection and expressed as percentage of the injected dose of 18 F-FDG per milliliter of tissue.
TAC. TAC was performed after 9 days of SD or HFD, as previously described (7, 12) . Briefly, mice were anesthetized with intraperitoneal administration of 100 mg/kg ketamine and 5 mg/kg xylazine and subsequently ventilated. TAC was performed by ligation (7-0 prolene) of the aorta between the inominate and left common carotid arteries, with an overlying 27-gauge needle, followed by removal of the needle. The mice were kept on HFD or SD for the reminder of the experiment.
Echocardiography. Echocardiography was performed in five SDand five HFD-fed mice before starting the diet, and weekly thereafter for 6 wk. Echocardiography was obtained before and 7, 21, and 28 days after TAC, in 12 surviving SD-fed mice and 7 surviving HFD-fed mice. In a separate experiment, the early functional response after TAC was assessed using echocardiography in six SD-fed and eight HFD-fed mice 3 days after TAC.
Echocardiography was performed using a 13-MHz linear-array transducer with a digital ultrasound system (Vivid 7, GE Medical Systems, Milwaukee, WI), as previously described (12) . LV enddiastolic diameter (LVEDD), fractional shortening (FS), anterior wall thickness (AWT), and posterior wall thickness (PWT) were obtained from M-mode tracings at the level of the papillary muscles. LV mass was calculated using the following formula:
. Invasive hemodynamic assessment of LV function. Hemodynamic measurements were acquired in separate groups of mice before TAC (5 mice fed a HFD or SD for 9 days) and 28 days after TAC (10 mice fed a SD and 10 mice fed a HFD).
Hemodynamic parameters were measured as previously described (7) . Heart rate, LV end-systolic pressure, LV end-diastolic pressure, maximum first derivative of the developed LV pressure (dP/dt max), minimum first derivative of the developed LV pressure (dP/dt min), and arterial elastance were obtained with a 1.4-Fr high-fidelity SPR-839 Millar pressure catheter (Millar Instruments, Houston, TX) advanced into the LV. The time constant of isovolumic relaxation was calculated according to the method of Weiss. A left carotid arterial catheter was placed to measure systolic arterial pressure and to calculate the transstenotic pressure gradient.
After the last acquisition of hemodynamic measurements, the mice were euthanized, and their LV was harvested, weighed, and used for histology.
Histological analysis. Paraffin-embedded 5-m cross-sectional myocardial sections were stained using FITC-conjugated lectin from Triticum Vulgaris (wheat) (Sigma-Aldrich, St. Louis, MO) to determine myocyte width in SD-and HFD-fed mice 28 days after TAC. Twenty measurements were obtained at the level of the nucleus in longitudinally sectioned myocytes in each section (viewed at a magnification of ϫ600). Myocardial collagen was assessed qualitatively on midventricular sections stained with Sirius Red. Lipid deposits were assessed using Oil red O stain in paraffin-embedded midventricular sections. To visualize capillaries, LV sections were incubated with biotinylated Griffonia simplicifolia lectin I and stained with the Vectastain ABC immunoperoxidase system (Vector Laboratories, Burlingame, CA) in SD-and HFD-fed mice, 7 and 28 days after TAC. The number of capillaries per square millimeter and per cardiomyocyte fiber was counted. Five fields were analyzed for each mouse at a magnification of ϫ400.
Cardiac cell death was detected 3 days after TAC with the use of the terminal deoxynucleotidyltransferase-mediated dUTP nick-end labeling (TUNEL) technique (DeadEnd Fluorometric TUNEL System, Promega, Madison, WI), as previously described (20) .
Measurement of gene expression. RNA was extracted using TRIZOL reagent (Invitrogen, La Jolla, CA) in the myocardium of five mice fed a SD for 10 days, five mice fed a HFD for 10 days, and 7 days after TAC in four mice fed a SD and seven mice fed a HFD. cDNA was synthesized with Moloney murine leukemia virus reverse transcriptase (Invitrogen). Transcript levels of peroxisome proliferator activated receptor-␣ (PPAR-␣), carnitine palmitoyltransferase I (CPT-1), acetyl-coenzyme A dehydrogenase medium chain (ACADM), cluster of differentiation 36 (CD36), malonyl-CoA decarboxylase (MCD), vascular endothelial growth factor A (VEGF-A), and 18S ribosomal RNA (rRNA) were measured by real-time PCR with a Mastercycler ep realplex 2 (Eppendorf, Westbury, NY) and primers for PPAR-␣ (5-TCGGC-
, and 18s rRNA (5-CGGCTACCACATCCAAGGAA-3, 5-GCTG-GAATTACCGCGGCT-3). Changes in gene expression normalized to levels of 18S rRNA were determined with the relative threshold cycle method (Applied Biosystems).
Myocardial contrast echocardiography. Myocardial perfusion and its response to acetylcholine were assessed using MCE in four mice fed a SD and four mice fed a HFD. Seven days after TAC, myocardial perfusion response to dobutamine was studied in five mice fed a SD and six mice fed a HFD.
Myocardial contrast echocardiography (MCE) was performed using a linear transducer (14 MHz; Acuson Sequoia C512 system; Siemens, Mountain View, CA), as previously described (23) . Briefly, perflutren-filled lipid microbubbles (Definity, Bristol-Myers Squibb Medical Imaging, Billerica, MA) were infused intravenously (dilution: 1/10 in sterile saline, infusion rate: 20 l/min). Perfusion images were acquired using a parasternal long-axis view, in real-time mode, after a sequence of 10 high-energy frames. After acquiring baseline images, either acetylcholine (2 g ⅐ kg Ϫ1 ⅐ min Ϫ1 , 10 l/min, Sigma Aldrich, St. Louis, MO) or dobutamine (10 g ⅐ kg Ϫ1 ⅐ min Ϫ1 ) was infused intravenously. After 5 min of continuous infusion, MCE images were obtained. Analysis of MCE was performed as described previously (23) . Briefly, a region of interest was positioned within the posterolateral wall. Time signal intensity myocardial replenishment curves were obtained, and ␤ (the initial slope of the replenishment curve estimating blood velocity), A (the plateau intensity reflecting myocardial blood volume), and the product A␤ [reflecting myocardial blood flow (MBF)] were obtained.
Statistical analysis. Values are expressed as means Ϯ SE. Statistical analysis was done with the JMP statistical package (SAS Institute, Cary, NC). After testing for inequality of variances, the differences in blood tests between the SD-and HFD-fed mice were tested using Student's unpaired t-tests. Myocardial glucose uptake before and after HFD was compared using Student's paired t-test. For comparison of body weights, insulin and glucose tolerance tests, and echocardiographic parameters over time, results were analyzed with an ANOVA for repeated measurements. If the interaction of time and diet was significant, unpaired Student's t-tests were used to compare echocardiographic parameters between groups at the same time point. Analysis of survival rates after banding was performed with the log-rank test. A probability value of Ͻ0.05 was considered significant.
RESULTS

HFD induces systemic and myocardial insulin resistance.
Blood glucose and plasma insulin levels were greater in fasted and nonfasted mice fed a HFD for 9 days than in mice fed a SD (Table 1) . Mice fed a HFD had a lower adiponectin level than mice fed a SD (Table 1) . Free fatty acids levels were similar in SD-and HFD-fed mice, as were leptin levels ( Table 1) .
After 9 -10 days of diet, HFD-fed mice had an impaired tolerance to glucose as determined by an intraperitoneal glucose tolerance test (Fig. 1A) . Moreover, HFD-fed mice demonstrated an impaired insulin tolerance test (Fig. 1B) .
Five days after TAC, blood glucose level was higher in HFD-compared with SD-fed mice (134 Ϯ 8 vs. 99 Ϯ 5 mg/dl; P Ͻ 0.05). This higher blood glucose level was accompanied by a trend toward an increase in plasma insulin in HFD-fed mice compared with SD-fed mice (0.9 Ϯ 0.2 vs. 0.6 Ϯ 0.2 ng/ml; P ϭ 0.10).
To assess myocardial glucose uptake, a myocardial micro-PET was conducted before and after 9 days of HFD in nonbanded mice. Representative myocardial micro-PET images acquired 45 min after 18 F-FDG injection before and after 9 days of HFD are shown in Fig. 2A . Before HFD, 45 min after 18 F-FDG injection, myocardial 18 F-FDG uptake was 44 Ϯ 2% of the injected 18 F-FDG dose per milliliter of tissue. After 9 days of HFD, myocardial 18 F-FDG uptake decreased to 32 Ϯ 3% of the injected 18 F-FDG dose per milliliter of tissue (P Ͻ 0.02 vs. before the HFD, Fig. 2B ), despite the increased plasma insulin levels. 18 F-FDG micro-PET performed on fasted mice after insulin injection showed that insulin-stimulated myocardial 18 F-FDG uptake decreased after 9 days of HFD compared with baseline (25 Ϯ 4 vs. 33 Ϯ 3% of the injected 18 F-FDG dose per milliliter tissue; P Ͻ 0.04).
HFD increases LV remodeling and decreases LV function after TAC. No differences were found in LV size and function over a follow-up period of 6 wk in nonoperated mice fed a SD or a HFD (data not shown).
In separate experiments, mice were fed a SD or HFD for 9 days. TAC was performed, and these mice (12 surviving SD-fed mice and 7 surviving HFD-fed mice) were followed for 28 days using echocardiograms. After 9 days on a SD or HFD, mice weighed 27 Ϯ 0.2 and 27 Ϯ 0.4 g, respectively (P ϭ nonsignificant). When these mice were studied after 37 days on the diet and 28 days after TAC, the groups weighed 28 Ϯ 0.4 and 28 Ϯ 0.3 g ( Table 2 ). Heart rates were similar between the two groups of mice before and 7, 21, and 28 days after TAC (Table 2) .
Before TAC, echocardiographic parameters of LV size and function did not differ between groups. In SD-fed mice, TAC induced concentric LV hypertrophy without LV dilation and a decrease in LV systolic function, as assessed by FS (Table 2 ). In HFD-fed mice, TAC induced concentric and eccentric hy- pertrophy with LV dilation and posterior wall thickening ( Table 2 ). The TAC-induced increase in echocardiographically measured LV mass was greater in HFD-fed mice than in SD-fed mice (P Ͻ 0.02).
Twenty-eight days after TAC, LV mass per body weight was greater in HFD-than in SD-fed mice (5. Fig. 3, A and B) .
HFD feeding augmented the decrease in LV function observed after TAC. The decrease in FS induced by TAC was greater in the mice fed a HFD than in mice fed a SD (P Ͻ 0.001). In a follow-up study, the echocardiogram performed 3 days after TAC revealed that FS was already less in HFD-than in SD-fed mice (FS: 41 Ϯ 12 vs. 60 Ϯ 4%; P Ͻ 0.03).
After 9 days of diet, hemodynamic parameters were similar in mice fed a SD or HFD (data not shown). The hemodynamic measurements obtained 28 days after TAC confirmed that the LV systolic function, as evaluated by dP/dt max , ratio of dP/ dt max to instantaneous pressure, and preload adjusted maximum power, was decreased in HFD-fed mice compared with SD-fed mice (Table 3 ). Diastolic function, as evaluated by dP/dt min and time constant of isovolumic relaxation, was impaired to a greater extent in HFD-fed than in SD-fed mice.
HFD did not affect fibrosis, apoptosis, or myocardial lipid deposits after TAC. Staining for collagen using Sirius Red revealed a small qualitative increase in cardiac collagen in the interstitial and perivascular space 28 days after TAC. No difference was observed between HFD-and SD-fed mice (5 mice in each group).
The ratio of the number of TUNEL-positive cardiac nuclei per cardiomyocytes, reflecting cardiac cell death, was not different in three SD-and seven HFD-fed mice 3 days after TAC (0.3 Ϯ 0.07 and 0.5 Ϯ 0.3% of cardiomyocytes, respectively).
No lipid deposits were detected by Oil red O stain in the myocardium of five HFD-fed mice 28 days after TAC.
HFD decreases survival after TAC. Survival after TAC was decreased in HFD-compared with SD-fed mice (43 vs. 75%, P Ͻ 0.02, Fig. 4) .
HFD modifies myocardial metabolism after TAC. No effect of HFD or TAC was found on cardiac levels of mRNA encoding PPAR-␣, CPT-1␤, CD36, or levels of mRNA encoding medium-chain acyl CoA dehydrogenase. However, an increase in levels of mRNA encoding MCD in the myocardium of HFD-fed mice was noted 7 days after TAC compared with the myocardium of SD-fed mice (Fig. 5) .
HFD impairs myocardial perfusion response to acetylcholine. Mice fed a SD and HFD for 9 days had similar heart rates and systolic blood pressure before acetylcholine (Table 4) . Infusion of acetylcholine to SD-and HFD-fed mice lowered the heart rate and systolic blood pressure similarly in both groups.
At baseline, there was no difference in MCE-derived myocardial blood velocity (assessed by the slope of myocardial microbubble replenishment ␤), myocardial blood volume (assessed by the plateau of myocardial microbubble A), or MBF (estimated by the product of A and ␤) between SD-and HFD-fed mice (Table 4) . Acetylcholine induced an increase in MBF (A␤) in SD-fed mice (2.0 Ϯ 0.4-fold, P Ͻ 0.05), but no response was noted in HFD-fed mice.
HFD impairs coronary vasodilator response to dobutamine after TAC. Seven days after TAC, SD-and HFD-fed mice had similar heart rates and systolic blood pressure (Table 5) . Infusion of dobutamine increased the heart rate without change in systolic blood pressure in both groups (Table 5) . Values are means Ϯ SE; n ϭ 12 for SD-fed mice and n ϭ 7 for HFD-fed mice. TAC, transverse aortic constriction; HR, heart rate; LVIDED, left ventricular end-diastolic internal diameter; LVIDES, left ventricular end-systolic internal diameter; FS, fractional shortening; PWT, left ventricular posterior wall thickness; LV mass, left ventricular mass. *P Ͻ 0.05 vs. before TAC.
†P Ͻ 0.05 vs. SD at the same time point.
Compared with baseline, infusion of dobutamine increased LV contractility (measuring by FS) in SD-fed (33 Ϯ 6 vs. 46 Ϯ 6%, P Ͻ 0.02) but not in HFD-fed mice (25 Ϯ 4 vs. 32 Ϯ 5%). MBF (as assessed by A␤) increased in the two groups of mice compared with baseline ( Table 5 ). The dobutamine-induced increase in MBF was less in HFD-than in SD-fed mice (1.6 Ϯ 01-vs. 2.4 Ϯ 0.2-fold, P Ͻ 0.05). Interestingly, the coronary vasodilator response to dobutamine was correlated with both the FS after dobutamine and the change of FS after dobutamine (r ϭ 0.63 and r ϭ 0.61, both P Ͻ 0.05).
HFD decreases myocardial capillary density 28 days after TAC. Seven days after TAC, no difference was noted in the capillary density and in the ratio of capillaries/myocardial fibers, between the HFD-and the SD-fed mice (2.7 Ϯ 0.1 vs.
2.7 Ϯ 0.1 ϫ 10 3 capillaries/mm 2 ; 1.4 Ϯ 0.1 capillaries/ myocardial fibers vs. 1.4 Ϯ 0.1 capillaries/myocardial fibers). No difference was seen in levels of myocardial mRNA encoding VEGF between groups 7 days after TAC. Twenty-eight days after TAC, capillary density was less in HFD-fed than in SD-fed mice (2.1 Ϯ 0.3 vs. 2.8 Ϯ 0.2 ϫ 10 3 capillaries/mm 2 ; P Ͻ 0.05; Fig. 3, C and D) . The ratio of capillaries/myocardial fiber was similar in both groups (1.4 Ϯ 0.2 capillaries/myocardial fiber in the HFD-fed mice and 1.6 Ϯ 0.2 capillaries/ myocardial fiber in the SD-fed mice).
DISCUSSION
A short duration of HFD feeding in C57BL6 wild-type mice induces systemic and myocardial insulin resistance. Although this altered metabolic state does not affect baseline LV structure and function, it is associated with increased LV remodel- Fig. 3 . A and B: cardiomyocyte width (white arrows) measured in a SD-(A) and a HFD-fed (B) mouse, 28 days after transverse aortic constriction (TAC). C and D: capillary density measured in a SD-(C) and a HFD-fed (D) mouse 28 days after TAC. Cardiomyocyte width was greater, and capillary density was decreased, 28 days after TAC in mice fed a HFD. LF, low fat. Values are means Ϯ SE; n ϭ 10 for SD mice and n ϭ 10 for HFD mice 28 days after TAC. LVESP, LV end-systolic pressure; LVEDP, LV end-diastolic pressure; SAPL, systolic arterial pressure measured in the left carotid artery; TSPG, transstenotic pressure gradient; dP/dtmax, maximum rate of developed LV pressure; dP/dtmin, minimum rate of developed LV pressure; dP/dtmax/IP, ratio of maximum rate of developed LV pressure to the instantaneous pressure at this time point; PAMP, preload adjusted maximum power; Ea, arterial elastance; , time constant of isovolumic relaxation. *P Ͻ 0.05 vs. SD. Fig. 4 . Survival after TAC in mice fed a SD or HFD. Survival after TAC was decreased in HFD-fed mice compared with SD-fed mice. *P Ͻ 0.02. ing and dysfunction after chronic pressure overload. Impaired coronary vasodilatory capacity may participate in the increased LV remodeling and dysfunction in insulin-resistant mice.
The high-fat-fed wild-type mouse is a recognized model of environmentally induced Type 2 diabetes and obesity (27) . Early responses to HFD include systemic insulin resistance with minimal weight gain (22, 27 ). An increase in glucose and insulin levels was noted in mice fed a HFD for 9 days, in both the fasted and fed state. These metabolic disorders were associated with impaired glucose and insulin tolerance, demonstrating that 9 days of HFD feeding induces systemic insulin resistance. As systemic and myocardial insulin resistance may not necessarily coexist (14), we used micro-PET to assess myocardial glucose uptake. Myocardial glucose uptake was decreased after 9 days of HFD, both in the basal state and after insulin injection, suggesting myocardial insulin resistance. We did not normalize myocardial 18 F-FDG uptake to plasma glucose. Although we would expect HF-fed mice to have higher blood glucose level than SD-fed mice, and this normalization to emphasize the decreased 18 F-FDG uptake was noted after HFD, the absence of plasma glucose measurements during the micro-PET experiments is a limitation of the study. We did not find any effect of HFD on LV structure and function, as determined by hemodynamic measurements obtained after 9 days of diet and echocardiography performed serially up to 6 wk. Similarly, Park et al. (22) reported that mice fed 3 wk of a diet containing 55% of fat had similar shortening fraction to mice fed a SD. Other investigators reported no differences in LV mass or cardiomyocyte function between mice fed 9 wk of SD or of a diet containing 45% fat (10) . These findings suggest that short durations of HFD and the associated insulin resistance do not adversely affect baseline LV structure and function in a detectable way.
In the presence of chronic pressure overload induced by TAC, however, mice fed a HFD developed more pronounced LV remodeling than did mice fed a SD. LV cavity size was greater in mice fed a HFD than in mice fed a SD. Although chronic pressure overload increased LV mass in mice fed a SD or a HFD, the increase was greater in the latter. More strikingly, HFD was associated with a decrease in LV systolic and diastolic function after TAC, as documented by echocardiography and hemodynamic measurements. Furthermore, indexes normalized for load, such as the ratio of dP/dt max to instantaneous pressure and preload-adjusted maximal power were also decreased in HFD-compared with SD-fed mice. The impaired systolic function in the HFD-fed mice was accompanied by a lower LV end-systolic pressure and lower transtenotic gradients, which most likely reflect a failure of the heart to maintain an elevated systolic pressure in the face of an aortic constriction.
The decreased LV function and increased LV remodeling seen in the HFD-fed mice after TAC was associated with a greater mortality than was observed in SD-fed mice after TAC. Although the cause of the mortality is unknown, the cardiac dysfunction assessed 3 days after TAC was already greater in HFD-fed mice than in SD-fed mice, suggesting that some of the mice in heart failure may have died before they could be analyzed using echocardiography.
Our observations appear to conflict with the findings of Okere et al. (21), who reported that hypertensive rats fed a HFD developed less LV remodeling and dysfunction than SD-fed rats (21) , and the results of Chess et al. (8) who reported that, in mice, HFD compared with SD feeding led to similar hypertrophy and LV dysfunction after TAC. However, the composition of the HFD used by these investigators (fat derived from cocoa butter) differed from that used in the present study (fat derived from lard). In these studies, cocoaderived HFD feeding did not affect plasma glucose and insulin levels (21) . Furthermore, because of its differing fatty acid profile, lard may favor the development of vascular disease more than cocoa butter.
A variety of mechanisms may contribute to the adverse remodeling seen in HFD-fed mice subjected to TAC. In the present study, mice fed a short duration of HFD displayed coronary endothelial dysfunction, as demonstrated by a blunted response to acetylcholine. Because endothelial dysfunction has been proposed as a mechanism underlying impaired coronary response to dobutamine (3), we hypothesized that myocardial ischemia may play a role in the decreased LV function and increased remodeling observed after TAC in HFD-fed mice. To explore this hypothesis, dobutamine MCE was performed 7 days after TAC, a time point when the difference in cardiac phenotype between HFD-and SD-fed mice is already noted. MBF did not increase as much in response to dobutamine in mice fed a HFD than in mice fed a SD. Interestingly, the coronary vasodilator response to dobutamine was correlated to systolic function after dobutamine and to the contractile reserve (dobutamine-induced increase in FS). These findings suggest that mechanisms implicated in the impaired LV function after TAC in mice fed a HFD may include a decreased coronary vasodilator response to hemodynamic stress and subsequent ischemia.
Other mechanisms that may be involved in the adverse LV remodeling and dysfunction seen in HFD-fed mice after TAC include shifts in the direction of cardiac substrate selection. Seven days after TAC, an increase in the expression of MCD was found in the myocardium of mice fed a HFD compared with the myocardium of mice fed a SD. MCD catalyzes the decarboxylation of malonyl-CoA; an increase in MCD activity is accompanied by elevated rates of fatty acid oxidation (5, 29) . It is recognized that high rates of fatty acid oxidation reduce the external power of the heart for a given myocardial oxygen consumption (6, 18) . In pressure overload, a situation in which oxygen demand is already increased, this cardiac inefficiency may lead to a compromise in contractile function. The measurement of the MCD gene expression is, however, insufficient to conclude that free fatty acid oxidation is modified. Indeed, gene expression may be dissociated from protein levels and enzymatic activity. Further experiments, such as direct free fatty acid oxidation measurements in isolated hearts, would be needed to study this hypothesis.
Finally, decreased adiponectin could, by itself, participate in a greater hypertrophic response to TAC (24) and precipitate cardiac dysfunction (16) .
Recently, it has been reported that the endoplasmic reticulum responds to metabolic stressors such as insulin resistance through a well-coordinated molecular response that involves multiple gene pathways and the onset of apoptosis (25) . In the present study, no difference in apoptosis was seen 3 days after TAC, a time point when maximal apoptosis has been reported (11) . Direct lipotoxicity, produced by fatty acid uptake/utilization mismatch, has been associated initially with cardiac hypertrophy, followed by the development of LV dysfunction, increased fibrosis, apoptosis, and premature death (9) . Although we cannot eliminate the effect of lipotoxicity at a mitochondrial level, we did not see any intramyocardial lipid accumulation.
This study has important clinical implications. Heart failure is a major public health concern in the US, impacting more than 5.2 millions American adults (2) . Insulin resistance is an independent predictor of heart failure, and its prevalence has greatly increased over the last decades, making the contribution of this condition to cardiac dysfunction especially relevant. Insulin resistance is frequently associated with chronic LV pressure overload, such as that found in systemic hypertension. If the findings in mice can be extrapolated to humans, the present study demonstrates that HFD and its associated insulin resistance significantly increase the impact of chronic LV pressure overload, by accelerating adverse LV remodeling and the progression of chronic pressure overload toward heart failure.
